r=0.74, respectively) for a cumulus convection case. In the aforementioned cases, temperature, relative humidity and potential temperature radiosonde profiles were well compared to the respective WRF profiles. The Bulk Richardson Number scheme, which was applied to radiosonde profile data, was in good agreement with lidar data, especially during daytime (r=0.68). The overall comparison with CALIPSO satellite observations; namely, CALIOP Level 2 Aerosol Layer Product, was very satisfying 25 (r=0.84), with CALIPSO Feature Detection Algorithms slightly overestimating PBL height. Lidar measurements revealed that the maximum PBL height was reached approximately three hours after the solar noon, whilst the daily evolution of the PBL was completed, on average, one hour earlier. The PBL diurnal cycle was also analyzed using ECMWF estimations, which produced a stronger cycle during the winter and pre-monsoon period. The seasonal analysis of lidar PBL heights yielded a less 30 pronounced PBL cycle than the one expected from long term climate records. The lowest mean daytime PBL height (695 m) appeared in winter, while the highest mean daytime PBL height (1326 m) was found in the monsoon season as expected. PBL daily growth rates exhibited also a weak seasonal variability.
numerous applications; for instance, in pollution-dispersion modeling, where the upper boundary of the turbulent layer plays a role as an impenetrable lid for pollutants released at the surface. PBL height also appears as a mixing scale height in turbulence closure schemes within climate and weather prediction 40 models (Zilitinkevich and Baklanov, 2001) . As air pollution becomes more severe due to economic development, particularly in developing countries (Wang et al., 2009) , observations of the PBL height with high temporal and vertical resolution are essential for weather and air-quality research. Moreover, PBL height is related to the warming rate caused by enhanced greenhouse gases emissions (Pielke et al., 2007) . 45 Several methods have been proposed to estimate PBL height, utilizing vertically resolved thermodynamic variables, turbulence-related parameters and concentrations of tracers (Seibert et al., 2000; Emeis et al., 2004) . Lidar (Light Detection And Ranging) systems can provide continuous measurements of various atmospheric quantities, including the vertical distribution of atmospheric aerosols from which the PBL height can also be retrieved (Menut et al., 1999; Cohn and Angevine, 50 2000; Brooks 2003; Amiridis et al., 2007; Morille et al., 2007; Baars et al., 2008; Engelmann et al., 2008; Groß et al., 2011; Tsaknakis et al., 2011; Haeffelin et al., 2012; Cimini et al., 2013; Scarino et al., 2013; Summa et al., 2013; Korhonen et al., 2014; Lange et al., 2014; Bravo-Aranda et al., 2016; de Arruda Moreira et al., 2018) . Atmospheric aerosols are used as tracers and the PBL top is indicated by a gradient in the range-corrected lidar signal. 55
New Delhi is one of the most densely populated cities, with 29259 inhabitants per square mile, and the fifth most populous city in the world according to United Nations population estimates and projections of major Urban Agglomerations (https://esa.un.org/unpd/wup/), with an estimated 2016 population of 18.6 million. It is surrounded by the Thar Desert to the west and the western Indo-Gangetic Plain to the north. Particulate air pollution in this area is assumed to originate from fossil fuel and biomass burning 60 besides natural sources such as desert dust (Hedge et al., 2007; Ramanathan et al., 2007a) . The identification of the layer height within which pollutants are trapped is particularly important in this polluted area, since the largest and most persistent pollution haze covers an area of about 10 million km 2 over Southern Asia (Nakajima et al., 2007; Ramanathan et al., 2007a) . Thus, vertically resolved observations are indispensable to reveal information regarding local air quality, climate change and 65 human health related issues.
Despite the importance of the area under investigation, only few ground-based measurements of aerosol vertical profiles have been carried out, with most of the available data accessed during short field campaigns (Lelieveld et al., 2001; Nakajima et al., 2007; Ramanathan et al., 2007a) . In this study, project (Kulmala et al., 2011) .
The aim of this paper is twofold; (1) to retrieve and statistically analyze the PBL height, derived from ground-based lidar measurements and (2) to compare it to heights from independent data sources. The 75 auxiliary sources comprised radiosonde data, space-borne lidar observations and simulations from two atmospheric models. Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-342 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 20 November 2018 c Author(s) 2018. CC BY 4.0 License.
Measurement site
The lidar measurement site was located at Gual Pahari (28.43 o N, 77.15 o E, 243 m A.S.L.), which is situated in the Gurgaon district of Haryana state, about 20 km south of New Delhi, India (Hyvärinen et 80 al., 2010; Komppula et al., 2012) . The surroundings of the station represent a semi-urban environment with agricultural test fields and light vegetation. There were no major pollution sources, except for the road between Gurgaon and Faridabad about 0.5 km to the south-west of the station, while only electricpowered vehicles were allowed at the station area. Anthropogenic sources in the greater region comprised traffic, city emissions and power production (Reddy and Venkataraman, 2002a, b) . Gual Pahari (Hyvärinen et al., 2010) . However, rainfall (June-September) was lower than the climatological value of 602 mm in New Delhi. In the monthly periods from April to June and August to September 2008, the total precipitation was higher than the one expected from climatology, with a maximum anomaly appearing in May, whereas in July 2008 cumulative precipitation was lower ( Figure   1(b) ). This year also exhibited an early monsoon onset date on 16 June, which was one of the earliest 105 onset dates recorded in the area with rainfall data available since 1901 (Tyagi et al., 2009) . The Indian summer monsoon in 2008 was somewhat weaker than normal, following the La Niňa condition in the tropical Pacific (Lau et al., 2009 supply (UPS) and an air conditioning system (A/C) to allow for safe and smooth continuous measurements. A rain sensor was also connected to the roof cover in order to assure a proper shutdown of the instrument during rain.
FMI-Polly
XT lidar used a Continuum Inline III type laser. The pulse rate of the laser was 20 Hz and it delivered energies of 180, 110 and 60 mJ simultaneously (with external second and third harmonic 120 generators) at three different wavelengths, i.e. 1064, 532, 355 nm, respectively. The vertical resolution of the system was 30 m and the vertical range covered the whole troposphere under cloudless conditions. The output of the instrument included vertical profiles of the particle backscatter coefficient at three wavelengths, i.e. 355, 532 and 1064 nm, extinction coefficient at 355 and 532 nm and linear particle depolarization ratio at 355 nm. The FMI-Polly XT lidar system is described in more detail in 125 Althausen et al. (2009) and Engelmann et al. (2016) . Table 1 presents the relevant properties of FMI-
Polly
XT , together with the properties of the other techniques utilized. The other techniques will be discussed in the following Sections.
PBL top detection technique
The PBL height was derived from the 15 min averaged lidar backscatter signals at 1064 nm using the 130 wavelet covariance transform (WCT) method (Brooks, 2003) with modifications introduced by Baars et al. (2008) . The WCT method makes use of the assumption that the PBL contains much more aerosol load compared to the free troposphere and, thus, a strong backscatter signal decrease can be observed at the PBL top. The covariance transform Wf(a,b) is a measure of the similarity between the rangecorrected lidar signal and the related Haar function (Baars et al., 2008) . This method was chosen 135 because it allows larger adjustability than other techniques, as shown from previous studies (Baars et al., 2008; Korhnonen et al., 2014) . For instance, the gradient technique involves an ambiguity in the choice of the "relevant" minimum in the gradient that corresponds to the boundary layer height (Lammert and Bösenberg, 2005) .
A threshold value of the WCT which permits the identification of a significant gradient and the 140 omission of weak gradients was introduced as a first modification. The first height above ground at which a local maximum of Wf(a,b) occurred, exceeding a signal decrease threshold, was defined as the PBL height. This threshold was modified in cases of multiple aerosol layers structures, where strong gradients inside the PBL complicated the detection of the PBL height. Furthermore, the option to cut the lower parts of the signal (from 30 to 870 m) was utilized so as to avoid strong gradients related to 145 the incomplete overlap in the lower heights. The importance of a proper threshold adjustment is discussed in Section 4.1, where three case studies are analyzed and the applicability of the WCT method, under different meteorological and aerosol load conditions, is examined.
The WCT method also allows for the detection of clouds by means of a negative threshold. Baars et al. (2008) found that cloud screening works well for a threshold of -0.1. The cloud base is given one 150 height bin below the altitude at which Wf(a,b) is lower than the chosen threshold value.
The incomplete overlap between the laser beam and the receiver field of view (L-R) (Wandinger and Ansmann, 2002) made reliably down to 200-300 m, because the increasing overlap with height causes an increasing signal with height. Hence, the detection of the convective Boundary layer (CBL) is not disturbed, since the CBL is usually higher than 300 m (Korhonen et al., 2014) . During night-time, the configuration of
FMI-Polly
XT permitted the detection of the residual layer (RL).
Daily mean and maximum PBL heights correspond to convective hours (3:00-12:00 UTC). The hourly 160
PBL height values were calculated from the 15 min lidar data by averaging of the three closest data points of the time considered (e.g. 12:00 hourly height would be the average of the three data points between 11:45 and 12:15). The seasonal cycle study was based on the classification proposed by the Indian Meteorological Department, i.e. winter (December-March), pre-monsoon or summer (AprilJune), monsoon (July-September) and post-monsoon (October-November) (Perrino et al., 2011) . 165
However, the PBL seasonal cycle was examined during the winter, pre-monsoon and monsoon periods, as no sufficient data coverage was found during the post-monsoon period. The diurnal PBL cycle is provided by lidar measurements and ECMWF estimations for the whole measurement period as well as on a seasonal basis (Section 4.3.1).
The PBL growth period was determined following the guidelines of Baars et al. (2008) . More 170 specifically, the PBL growth period began when the PBL height started to increase (typically 2-4 h after sunrise) and was completed when 90% of the daily maximum height was reached (typically between 08:00 and 10:30 UTC). Regarding the daily evolution rate, this was determined through the slope of a linear fit to the hourly height values (between the start and the completion of the growth period). Furthermore, the calculation of the evolution rate was restricted to cases where at least 4 175 consecutive or 3 non-consecutive hourly values were available. Due to these restrictions, the evolution rate was determined for 51 days.
Data coverage
During the one year long measurement campaign, from 12 March 2008 to 31 March 2009, FMI-Polly XT was measuring on 139 days. Due to technical problems with the laser (27%), the data coverage from 180 September to January was sparse. Furthermore, precipitation prohibited lidar measurements, since the lidar system had to shut down (12%). Thus, lidar measurements were possible in 61% of the total time (139 days).
Sufficient data availability (more than 25%, from 4 h after sunrise to 1 h before sunset) was achieved during 72 days. During these days, multiple aerosol layer structures (20%) and low clouds (15%) 185 complicated PBL height detection. Additionally, some technical issues arose due to photomultiplier supersaturation and signal problems (9%). A lack of a significant decrease in the backscatter profile was observed in only a few cases (3%). The latter was a first indication that the modified WCT method could detect the PBL top efficiently, as long as the signal decrease threshold was tuned properly.
Hence, the PBL height could be identified in 53% of the cases with sufficient data availability (72 190 days). In Figure 2 , the data coverage is presented on a monthly basis. The highest PBL detection frequency was achieved in February, reaching 74%. This high detection rate can be attributed to 
Radiosonde measurements 195
Radiosondes have been routinely used for decades and therefore are a valuable method for long term climatology analyses (Seidel et al, 2010; Wang and Wang, 2014) . Restrictions of radiosondes refer to the coarse vertical resolution of standard meteorological data with respect to boundary layer studies as well as the smoothing due to the sensor lag constant bounded by the high ascent rate of the radiosonde (Seibert et al., 2000) . In this study, the main restriction is that radiosonde and lidar measurements were 200 not collocated, since radiosonde data from the meteorological station of Safdarjung airport (18 km from the lidar site) were used. The radiosonde data were obtained from the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html) for the station number VIDD 42182. Radiosondes were launched on a regular basis, twice a day at fixed times, 00:00 UTC and 12:00 UTC.
The Bulk Richardson Number (BRN) method was used for PBL determination, employing the formula 205 introduced by Menut et al. (1999) :
, where h is altitude, h0 the altitude of the ground, g gravitational acceleration, θ potential temperature in Kelvin and u and v the zonal and meridional wind components, respectively. The PBL height was determined to be the lowest altitude where BRN reached the critical value, which is taken equal to 0.21 210 (Vogelezang 1996) . Beyond this critical value of Ri, the atmosphere can be considered stable and fully decoupled from the underneath layer. In this study, we use CALIOP Level 2 Aerosol Layer Product, which provides information on the base and top heights of existing aerosol layers, reported at a uniform 5 km horizontal resolution. Leventidou et al. (2013) evaluated the PBL height derived by Level 2 Aerosol Layer products over Thessaloniki, Greece, for a 5 year period, making the assumption that the lowest aerosol layer top can be considered 225 as the PBL height. The aforementioned method was also applied over South Africa, revealing high agreement with ground based observations (Kohronen et al., 2013) . During the measurement campaign, the PBL height was also accessed by the space-borne lidar CALIOP, within two overpass distances, 20 and 101 km from Gual Pahari. was 240 h, while the temporal resolution was 3 h for the first 72 h and 6 h after this initial period (ECMWF, 2010a, b) . A more detailed description of the model is given in ECMWF (2010c). In the present study, only the PBL height model parameter was used. The PBL height for the lidar site in Gual Pahari was found by interpolation using inverse-distance weighted averages of the four closest grid points, at distances of 96, 50, 104 and 65 km. 240
Space-borne lidar observations
The ECMWF model defines the PBL height by using the BRN method with Ricr value of 0.25 (ECMWF, 2010b) . The atmospheric turbulence is determined based on local stability. In unstable local conditions (Ri < 0), the exchange coefficients are based on local similarity (Nieuwstadt, 1984) . In stable local conditions (Ri > 0) enhanced diffusion coefficients according to the Louis, Tiedtke, Gleyn scheme (Louis et al., 1982) , revised by Beljaars (1995) , Beljaars and Viterbo (1999) and Viterbo et al. 245 (1999) are used close to the surface. ECMWF output data were used in the PBL heights comparison in three case studies that are analyzed in Section 4.1, as well as in the examination of the mean diurnal PBL Cycle (Section 4.3.1).
The WRF model
The WRF model, Version 3.9.1 (Skamarock et al., 2008 ) was also applied in order to determine the 250 PBL height. The simulation domain was centered at the lidar station in Gual Pahari and three domains with a respective horizontal resolution of 18 km, 6 km and 2 km were used, where the two inner domains are two-way nested to their parent domain. The third inner-most domain covers an area between 75. 84-78.46 o E and 27.38-29.52 o N. The output is provided every hour. On the vertical axis, 37 full sigma levels resolve the atmosphere up to 50 hPa (≈ 20 km AGL), with a finer grid spacing near 255 the surface. In this study, the Yonsei University scheme (YSU) (Hong et al., 2006) in conjunction with the land surface model Noah (Chen and Dundhia, 2001 ) was used for the estimation of PBL height. In addition, the Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al., 1997) for longwave radiation and the scheme of Dundhia (1989) for shortwave radiation were applied. A surface-layer scheme based on the revised MM5 similarity theory (Jimenez et al., 2012) as well as the 260 Fritsch (1990, 1993) scheme for cumulus parameterization were used. For microphysics, the scheme proposed by Thompson et al. (2008) In the YSU scheme, the top of the PBL height under unstable conditions is determined as the first neutral level based on the BRN calculated between the lowest model level and the levels above (Hong 270 et al., 2006; Shin and Hong, 2011) . Under stable conditions, the BRN is set as a constant value of 0.25 over land, enhancing mixing in the stable boundary layer (Hong and Kim 2008) , whereas it is a function of the surface Rossby number over the oceans, following the study of Vickers and Mahrt (2003) .
Within the frame of three case studies, the default simulated PBL height from WRF was used to justify 275 the lidar PBL heights. Furthermore, WRF profiles of temperature (T), relative humidity (RH) and potential temperature (θ) were compared to corresponding radiosonde profiles. The comparison was performed through specific criteria following the guidelines given by Seidel et al. (2010) . In the T criterion, the base of an elevated temperature inversion is considered as the PBL top. Inversions do not appear in every profile, but when present, their base serves as a cap to the mixing processes below. In θ 280 profiles, the level of the maximum vertical gradient (Oke, 1988; Stull, 1988; Sorbjan 1989; Garrat, 1992 ) was used, since this gradient is indicative of a transition from a convectively less stable region below to a more stable region above. In a similar way, the level where an abrupt reduction of RH appears is considered as the PBL top.
Results and discussion 285

Applicability of the WCT method: Case studies
Three case studies of PBL daily evolution were analyzed and evaluation with ancillary data sources was performed so as to investigate their strengths and limits. First, the evolution of PBL under cloudless conditions is discussed for 12 February 2009. Subsequently, a two-day case with a multiple aerosol layer structure is presented for 1-2 March 2009. Finally, the diurnal development of PBL is 290 investigated in the presence of low clouds for 29 June 2008. The three criteria (T_crit, RH_crit, θ_crit) were used to determine PBL height in each radiosonde profile. These criteria were also applied to WRF data. The results from the utilized methods are presented in Tables 2 and 3 for the night-time and daytime period, respectively.
It was found that the presence of multiple aerosol layers and low clouds can pose difficulties in PBL 295 top detection (Section 3.1.3). However, as it will be shown these difficulties can be dealt with the use of proper WCT threshold and cut off values (see Section 3.1.2).
Cloud free case: 12 February 2009
The diurnal evolution of PBL during 12 February 2009 is presented in Figure 3 . Sunrise was approximately at 01:30 UTC, while sunset was at 12:40 UTC. No aerosol layers were found aloft. 300
Between 06:00-12:00 UTC, although internal gradients (yellow and red color) of aerosol content appeared inside the PBL, the default signal decrease threshold (0.05) was efficient. Between 12:00-18:00 UTC a threshold of 0.08 was used in conjunction with a 90 m cut-off height. Due to low aerosol load content, the derived PBL heights between 12:00-14:00 UTC showed high variability. An almost constant daily growth rate of 133 m/h was found from 06:00 UTC to 10:00 UTC. The maximum height 305 of 950 m was reached at 10:30 UTC. The correlation with lidar hourly heights was satisfying (r=0.8) for both model output data, while a mean normalized bias of 11% and 16% was found for WRF and ECMWF data, respectively.
Atmos
During night-time, radiosonde profiles determined PBL height at 435 m (θ_crit and RH_crit methods), 315 while PBL heights of 172 (T_crit) and 131 m (θ_crit and RH_crit methods) were given by WRF data (Table 2 ). During daytime, the T_crit and θ_crit methods yielded PBL heights at 1425 m and 1387 m when applied to WRF and radiosonde data, respectively (Table 3) 
Case with multiple aerosol layers: 1-2 March 2009
During the two day period of 1-2 March 2009, a complex aerosol layer structure appeared up to 3 km altitude ( Figure 4) . However, the modified WCT method managed to detect the top of the PBL in most 325 of the 15 min intervals, after modifying the signal decrease threshold and applying a cut-off height. The threshold was adjusted within the range of 0.03-0.08, which corresponds to a 6-16% signal decrease, respectively. Furthermore, a 30-60 m cut-off height was used, in order to avoid gradients in the lower parts of the PBL.
On 1 March 2009, the transition period (02:00 to 05:00 UTC) was characterized by a slow PBL 330 development of 14 m/h, whereas the PBL evolution was more pronounced in the convective period (05:00 to 09:00 UTC) with a mean growth rate of 101 m/h. The maximum height of 950 m appeared at 08:45 UTC. On the next day, a stronger but slightly shorter PBL cycle was observed, with a mean evolution rate of 187 m/h, reaching a maximum height of 1010 m at 08:15UTC. This slight modification in the development of the PBL, can be attributed to the combination of higher temperature 335 and lower wind speed conditions characterizing the second day.
Output data from ECMWF model, overestimated PBL heights during convective hours (6:00-12:00 UTC), whereas during night-time an underestimation of PBL heights was observed. Nevertheless, the correlation of PBL heights between FMI-Polly XT and ECMWF was very satisfactory for both days (r= 0.99 and r=0.92 on 1 st and 2 nd of March, respectively). Furthermore, the mean normalized bias values 340 were found 23.4% and 32.6% during the first and second day, respectively.
On the first day, WRF output data overestimated PBL height during the transition period from CBL to RL (11:00-14:00 UTC), while on the second day an overestimation was observed during convective hours (9:00-12:00 UTC). On both days, WRF model data underestimated PBL height during the early morning and night hours. Correlation coefficients of 0.92 and 0.95, whilst mean normalized bias values 345 of 15.6% and 37.2 % were found on 1 and 2 March, respectively. In the night-time of 1 March no criteria could be applied to radiosonde data due to sparse vertical resolution (Figure 4) . Thus, no comparison could be carried out with WRF heights. In the daytime, radiosonde profiles revealed slightly lower PBL height (582 m) compared to the one given from WRF data (716 m) according to the θ_crit and RH_crit methods (Table 3) . On the 2 March, radiosonde 350 profiles overestimated the night-time PBL height according to all of the three methods, whereas in the daytime the WRF profile of RH yielded a significantly higher PBL height compared to the corresponding radiosonde profile (PBL height at 906 m and 544 m, respectively).
Case with low clouds: 29 June 2008
During this day, the strongest PBL evolution was observed between 3:00 and 5:00 UTC, where the 355 PBL height increased by approximately 553 m/h. On average, a moderate PBL evolution rate of roughly 86 m/h was found, with a maximum height of 1279 m appearing at 9:15 UTC ( Figure 5 ).
In this case broken cumulus clouds appeared between 600-1100 m from 00:00 to 12:00 UTC. The assumption that cloud base constitutes an approximation of the PBL top was made. However, it could be argued that the PBL top was located at a higher level, since diffuse aerosol layers were also present 360 there. During this period, it was difficult to locate an adequate signal decrease gradient; a threshold corresponding to 10% decrease was used, while sensitivity tests with lower threshold values yielded the same results. Hence, the algorithm-decreased sensitivity is mainly related to the diffuse aerosol layers.
Large PBL height values also appeared around 12:00 UTC, corresponding to a strong aerosol layer which sprawled to lower heights, probably due to dry removal or precipitation that evaporated before 365 reaching the ground. Rainfall was observed between 13:30 and 14:30 UTC. After the rainfall period the remaining aerosols kept being displaced in the downward direction, creating strong gradients below 500 m. The effect of aerosol removal can be seen between 16:00 and 24:00 UTC, where low aerosol load conditions are easily observed in the 300-1000 m altitude range. Once again, the low aerosol load observed, complicated the detection of the PBL top by the algorithm and was, thus, responsible for the 370 high variation in the detected PBL heights between 16:00 and 24:00 UTC.
WRF and ECMWF estimations correlated well with FMI-Polly
XT hourly PBL height data (r=0.74 and r=0.69, respectively). During daytime, WRF slightly overestimated PBL height, while an underestimation was observed during night-time by both models. Good agreement was corroborated by additional statistical parameters. Fractional bias was equal to 0.015 and 0.11 for WRF and ECMWF 375 estimations, respectively.
The profile criteria yielded slightly lower PBL heights when applied to the radiosonde profiles during night-time (PBL height at 833 m and 913 m from radiosonde and WRF, respectively) ( Table 2 ). The T_crit method revealed the same PBL height (913 m) with the other two methods when applied to WRF data in the night-time. During daytime, the same PBL height (1490 m) was revealed according to 380 the θ_crit and RH_crit methods from both radiosonde and WRF data (Table 3) . 
Comparison of lidar
Comparison with CALIOP L2 Aerosol Layer product
During the measurement period, 24 CALIPSO overpasses were available inside 1 o radius around Gual 400 Pahari station. In 17 cases the boundary top location algorithm (SIBYL, Selective Iterated Boundary Locator) identified two to four layers, whilst in 7 cases no layers were identified. For the 17 cases, the PBL top from the ground-based lidar was available for 14 cases. In one case, the top of the second layer was chosen, as the first one was inside the PBL, according to the attenuated backscatter image from CALIOP. Furthermore, 5 cases were not included in the comparison as the detected layers were 405 either above the PBL (height >3 km) or in the free troposphere (height >10 km).
The final comparison of PBL heights between ground-based lidar FMI-Polly
XT and space-borne lidar CALIOP was based on 9 cases and yielded an r of 0.84 (Figure 7 ). The slope (y-intercept set to zero) was equal to 1.15, indicating that CALIPSO Layer Detection Algorithms probably detected aerosol layers transported aloft the PBL, comprising mainly elevated smoke and dust layers, according to 410 aerosol subtype classification. These layers can blanket the PBL and cause strong attenuation of the emitted laser beam. Thus, they can prohibit the detection of any underlying layer, which is likely to correspond to the PBL top. Based on the analyzed cases, it was found that the overpass distance (here 20 and 101 km) from the lidar station and time difference between the measurements did not affect the correlation of the PBL heights. According to the lidar measurements, the evolution of PBL began 2 to 4 h after sunrise with a daily PBL maximum of 1125 ± 88 m appearing, on average, at 10:00 UTC, approximately 3 h after the solar noon. The end of the growth period (90% of maximum height) appeared on average 1 h before the maximum PBL height was reached. 425 According to ECMWF model, a maximum PBL height of 1807 ± 805 m was reached at 09:00 UTC, with a time difference of 1h compared to FMI-Polly XT observations. Moreover, the PBL evolution according to ECMWF estimations was stronger than the evolution given by FMI-Polly XT data. This slight phase shift in PBL development can be attributed to the lower temporal resolution of ECMWF model compared to lidar measurements. ECMWF standard deviation values were lower during the 430 early morning (00:00 and 03:00 UTC) and night-time period (15:00, 18:00 and 21:00 UTC), while during convective hours (06:00 and 09:00 UTC) they were significantly higher. During convective hours, the model overestimated PBL height, whereas during the night and early morning period it significantly underestimated PBL height. The latter, can be partly attributed to the fact that FMI-
Polly
XT detects the RL top, while ECMWF estimates the nocturnal PBL top. The overall comparison 435 between FMI-Polly XT and ECMWF heights yielded an r of 0.86, whereas the mean normalized bias was quite large (58 %). In other words, FMI-Polly XT and ECMWF top heights agreed well in terms of phase but magnitude discrepancies appeared.
In winter, the PBL cycle as defined by FMI-Polly XT observations, reached a maximum height of 1028 ± 292 m at 11:00 UTC, while the CBL evolution was completed two hours earlier (Figure 8(b) ). Standard 440 deviation values of hourly PBL heights varied from 20 to 340 m, with the minimum values during the early morning period of 22:00-00:00 UTC and the maximum ones at 17:00 UTC.
According to ECMWF the maximum PBL height appeared at 09:00 UTC with a mean value of 2394 m ± 932 m. The ECMWF overestimated PBL height during hours with strong convective activity (06:00, 09:00 and 12:00 UTC), whereas during night-time and early morning the PBL height was 445 systematically underestimated. Higher standard deviation values appeared during convective hours, while lower standard deviation was found during night-time conditions. The overall comparison of PBL hourly heights from lidar and ECMWF revealed very satisfying agreement with an r of 0.9.
In the pre-monsoon period, the PBL diurnal cycle analyzed by FMI-Polly XT data reached a maximum of 1249 ± 536 m at 12:00 UTC, with the PBL growth period completed three hours earlier ( Figure  450 8(c)). Large standard deviation values were observed, especially between 07:00 and 12:00 UTC, a period which corresponds to the convective activity and the start of the PBL transition phase.
Moreover, large standard deviation values persisted during the night-time period.
ECMWF estimations revealed a shorter but stronger PBL growth period, with a maximum top height of 2137 ± 143 m, which appeared earlier than the one given by FMI-Polly XT . As in the annual and winter 455 diurnal cycle, ECMWF overestimated PBL top height during convective hours. On the other hand, underestimation was observed during the early morning hours, with a more significant underestimation during night-time due to the fact that FMI-Polly XT identified the RL, whereas the ECMWF estimated the nocturnal PBL top. The total comparison reached an r of 0.84.
In the monsoon season, the PBL daily evolution from FMI-Polly XT data revealed a more or less steady 460 PBL cycle (Figure 8 observed, on average, at 08:00 UTC, whilst the completion of the CBL growth occurred at 07:00 UTC, very close to the solar noon time. The highest standard deviation values were observed at 13:00-17:00 UTC.
The PBL development from ECMWF data revealed lower PBL heights than those retrieved from FMI-465 Polly XT . The maximum height (889 ± 62 m) was reached at 09:00 UTC. The two methods showed better agreement during daytime, with an average relative difference of 27%. However, during nighttime, ECMWF underestimated PBL height by 80% on average because the nocturnal PBL height was calculated contrary to the RL top that was identified by FMI-Polly XT . The PBL diurnal cycle derived from ECMWF was weaker compared to the cycle derived from FMI-Polly XT . The total Pearson 470 correlation coefficient was equal to 0.7.
Daily mean and maximum PBL height
In the following, we present the main statistical findings regarding the seasonal mean and maximum PBL cycle as observed from lidar measurements during 72 days. The seasonal cycle of mean and maximum temperature is also examined. The seasonal mean PBL height was found at 695 ± 146 m 475 during winter (17 days), 878 ± 297 m during the pre-monsoon period (15 days) and 1025 ± 296 m during the monsoon (40 days). Regarding the seasonal average maximum PBL height, it was found at 1191 ± 516 m during winter, 1326 ± 565 m during the pre-monsoon period and at 1361 ± 350 m during the monsoon. During the measurement days, a mean temperature of 21 ± 4 ºC was found in the winter, 27 ± 3 ºC in the pre-monsoon and 30 ± 2 ºC in the monsoon season. A seasonal average maximum 480 temperature of 29 ± 5 ºC was recorded in the winter, 33 ± 4 ºC in the pre-monsoon and 35 ± 2 ºC in the monsoon period.
In general, the PBL seasonal cycle followed the temperature cycle of the measurement days very well. The highest inter-seasonal variability was exhibited during the pre-monsoon season both in terms of mean and maximum PBL height, which may be attributed to the meteorological conditions of this period. During the pre-monsoon season, 7 cases with heavy rainfall (7-37 mm daily accumulated 495 precipitation) and 8 cases with hardly any precipitation appeared (less than 3 mm accumulated precipitation). This combination led to a broad distribution of daily mean PBL heights (from 251 m to 1191 m). Large inter-seasonal variability was also observed in the winter period, in terms of maximum PBL height. The large standard deviation can be partly attributed to the broad inter-seasonal range of maximum temperature, which was almost 16 ºC (20 ºC -36 ºC). 500 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-342 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 20 November 2018 c Author(s) 2018. CC BY 4.0 License.
The frequency distribution of daily mean PBL height is presented in Figure 9 for 6 different classes of 300 m. During the measurement campaign, the majority of daily mean PBL heights were found between the classes of 600 and 1200 m (40% within 600-900 m; 32% within 900-1200 m). The winter period distribution was narrower and skewed towards the 600-900 m class. In the pre-monsoon and monsoon seasons, PBL height distributions were quite broader with a maximum between 900 and 1200 505 m. In terms of daily maximum PBL height, the majority of heights were found between 900 and 1800 m (26% within 900-1200 m; 22% within 1200-1500 m; 29% within 1500-1800 m). In the winter period, a more confined distribution appeared, with 53% of daily maximum heights between 900 and 1200 m. The PBL height spectrum was significantly broader in the pre-monsoon and monsoon periods, with maximum daily heights to spread between 600 and 1800 m. 510
PBL daily evolution rate
The distribution of daily growth rates is presented in Figure 9 . For the whole measurement period, daily evolution rates were mostly observed in the 100-200 m/h class, while a significant number of mean growth rates was observed between 29-100 m/h. Different frequency distributions were observed on each seasonal period, albeit the average evolution rates did not exhibit strong seasonal variability. In 515 the winter period, daily growth rates presented a slightly broad distribution with most of them lying between 100 and 200 m/h (40%), while a mean evolution rate of 157 ± 81 m/h (N=15) was found. In the pre-monsoon season, higher growth rates were observed, 206 ± 134 m/h (N=9), with 44% of them within the range 100-200 m/h, while 33% were between 200 and 300 m/h. Moreover, 11% of the daily growth rates lied in both classes 0-100 m/h and 500-600 m/h, supporting the high inter-seasonal 520 variability that was found in Section 4.3.2 during the pre-monsoon season. In the monsoon season, lower evolution speeds were observed (121 ± 67 m/h, N=22), with 45% being less than 100 m/h., while a significant percentage (40%) was found between 100 and 200 m/h.
Comparison to another location
In this Section, the PBL characteristics in Gual Pahari are compared to the corresponding results from 525 another location in South Africa, where the WCT method was also applied to lidar measurements. This site was located in similar surroundings and latitude (26º S) in Elandsfontein, South Africa (Korhonen et al., 2014) . In this paper, one year long ground-based lidar measurements were used to analyze PBL height variability over Gual Pahari, New Delhi. The lidar retrieved PBL heights were compared to data from independent sources; radiosondes, satellite observations and two atmospheric models. Three case studies of PBL daily evolution were discussed so as to identify atmospheric structures which can 540 complicate PBL height detection. It was found, in support of previous work (Baars et al., 2008; Korhonen et al., 2013) , that the modified WCT method performed well under different meteorological and aerosol load regimes. More specifically, a significantly good performance was revealed on a two day case, with multiple aerosol layers aloft. However, PBL determination was complicated before a rain event, where lofted layers created strong aerosol content gradients and later on, where diffuse 545 aerosol layers appeared.
In the context of the aforementioned case studies, numerical estimations overestimated PBL height in the daytime, while an underestimation was observed in the night-time. The latter can be partly attributed to the fact that the lidar system identified the RL, whereas the numerical models estimated the nocturnal PBL top. The comparison between radiosonde and WRF vertical profiles, through three 550 different methods, showed that radiosonde data overestimated PBL height in the night-time. The discrepancies between radiosonde and WRF PBL heights could be attributed to various sources, such as the different vertical resolution and the different nature of each data set; radiosondes provide in-situ measurements, whereas WRF model provides numerical estimations of various meteorological parameters. However, the fact that neither anthropogenic heat sources nor heat storage in buildings are 555 included could also explain the model underestimation.
The comparison between lidar and radiosonde measurements performed well, especially during daytime. In the night-time, radiosonde profile data yielded lower PBL heights. There are several aspects behind the discrepancies of the two methods; namely, the distance between the lidar station and the radiosonde launch site, the different vertical resolution as well as the different approach followed 560 for PBL height detection in each method. Additionally, during night-time, the lidar system detected the RL top, while radiosonde data identified the nocturnal PBL top. Detailed studies of the nocturnal boundary layer would require changes in the lidar configuration, employment of a near range and a far range telescope, which guarantees high quality PBL top detection even at heights lower than 100 m if this is a requirement (Baars et al., 2008) . 565 CALIOP satellite observations correlated well with ground-based lidar data corroborating that the top of the first layer identified by CALIPSO Feature Detection Algorithms is a good estimation of the PBL top. This is in agreement with previous studies of Leventidou et al. (2013) and Korhonen et al. (2014) .
Space-borne lidar observations yielded, in general, higher PBL heights due to the detection of lofted aerosol layers in some of the cases. 570
The evolution of PBL started two to four hours after sunrise and was completed two hours after the solar noon, with the maximum PBL height observed approximately one hour later. In the winter and pre-monsoon season, ECMWF data revealed a stronger PBL daily evolution. The seasonal PBL cycle observed during the measurement campaign was less pronounced than the one expected from climatological records. This could be attributed to the combination of a relatively warmer winter and a colder pre-monsoon period with respect to long term climate statistics. The 580 highest values of mean and maximum PBL height appeared in the monsoon season, where the highest mean and maximum temperature was recorded. The larger inter-seasonal variation in PBL height and daily PBL growth rate was observed in the pre-monsoon season, which was a transition period from the dry and relatively colder winter to the rainy and warmer monsoon period. During the measurement period, daily evolution rates of 29-200 m/h were mainly observed, with lower rates found on average in 585 the rainy season of monsoon.
The PBL diurnal cycle and the mean daily PBL growth rates in Gual Pahari were very similar to those in Elandsfontein, a site with similar solar cycle and surroundings. Nevertheless, a lower average PBL height and a weaker seasonal variability were observed in Gual Pahari. The latter can be attributed to the frequent precipitation events which occurred in Gual Pahari especially during the late pre-monsoon 590 and monsoon period.
In the future, the applicability of the modified WCT method can be tested in lidar systems with less operational cost, for instance to one-channel systems such as ceilometers and Doppler lidars. This would provide the potential of PBL determination on an operational basis. Mi denotes predicted values from models, while Oi stands for observations at i, respectively. N is the number of samples. 
